Sitagliptin, Acetaminophen, Hepatoprotective, Enzymatic and Oxidative stress biomarkers.
Introduction


Drug-induced hepatotoxicity is an urgent clinical problematic phenomenon worldwide. One of these compounds is the most commonly utilized over-the-counter analgesicsantipyretics medication acetaminophen (paracetamol; N-acetyl-p-aminophenol; Departments of Forensic Medicine and Clinical Toxicology, Faculty of Medicine, Benha University (2) Histology and Cell Biology, Faculty of Medicine, Benha University *Corresponding author: Tel: 01280191596; E-mail: smfarid_2013@yahoo.com APAP). APAP is well tolerated and has a low toxicity in regard to aspirin. In the United States, it has been estimated that about 10 to 20 thousand tons of APAP are consumed each year as a therapeutic agent. The easy accessibility and low price can mask the potential danger of APAP misuse during intentional or unintentional ingestion with subsequent occurrence of hepatocellular damage in both humans and experimental animals (Yano and Dolder, 2002; Jaeschke et al., 2010) .
Single APAP overdose is a leading cause of more than 100,000 calls to Poison Control Centers per year and accounts for more than 56,000 emergency visits, 2,600 hospital admissions, and an estimated 458 deaths from acute liver cell failure each year in the USA (Lee, 2004) .
The toxicity of APAP is associated with formation of reactive metabolite derived from hepatic cytochrome P-450 metabolism. At therapeutic doses, APAP is mainly metabolized by glucuronidation and sulfation into inactive metabolites, while small part undergoes metabolism by the cytochrome p450 system into the reactive toxic metabolite N-acetyl-pbenzoquinone imine (NAPQI). Under normal conditions, NAPQI is rapidly converted to nontoxic metabolite by conjugation with glutathione (GSH) and eliminated via the kidney. However, at APAP overdoses, the essential routes become saturated and NAPQI production greatly exceeds the organ capacity of its detoxification by GSH. Then, NAPQI reacts with various hepatocellular proteins and causes liver injury associated with oxidative stress (Lancaster et al., 2014; Kane et al., 2016) .
Increment of liver enzymes levels can be detected after 12-36 hours of the drug overdose (Dart et al., 2006) . Following the changes in cellular pattern and biochemical indices, clinical manifestations such as jaundice, encephalopathy, cerebral edema, coagulopathy, and hepatic failure are developed (Fontana, 2008) .
Sitagliptin
(Sitg), an oral antihyperglycemic or anti-diabetic drug of the dipeptidyl peptidase-4 (DPP-4) inhibitor class, is currently used for the management of type II diabetes mellitus through the inhibition of DPP-4 enzyme activities, leading to prevention of the breakdown of endogenous incretin hormones, glucagon-like peptide-1 and glucose-dependent insulinotropic peptide, and consequently increases the function and bioavailability of these hormones (Itou et al., 2013) .
The DPP-4 inhibitor (Sitg) has depicted protective effects against different types of cardiovascular and renal injuries (Alam et al., 2015; Nuransoy et al., 2015) . Also, Sitg has shown a hepatoprotective action against experimentally-induced liver injury. Its protective actions are possibly mediated via modulations of different signaling pathways involved in hepatocellular damage with subsequent amelioration of inflammatory processes, lipid metabolism, and oxidative stress damage (Onoyama et al., 2015; AboHaded et al., 2017) .
Several studies have spectacled that antioxidants agents may effectively protect the liver against APAP-induced injury (Sayed and El-Kordy, 2014; Verma et al., 2016; Elbe et al., 2018) .To the best of our knowledge, the effect of sitagliptin on APAP-induced hepatotoxicity has not been studied.
The aim of this experimental study was to investigate the possible protective effect of pretreatment with Sitg against APAP-induced hepatotoxicity in rats by assessment of its impact on liver enzymes, oxidant/antioxidant defense system, total redox status, and histological structure.
Material and Methods
Chemicals
Januvia tablets (highly water soluble sitagliptin phosphate monohydrate, Sitg) were purchased from Merck and Co., Inc. "MSD" (Whitehouse Station, New Jersey, USA, each film-coated tablet contains 100-mg Sitg). Paracetamol (APAP) tablets were obtained from El-Nasr Pharmaceutical Chemicals Co. "ADWIC" (Cairo, Egypt, each tablet contains 500-mg APAP). Both drugs were given orally through a gastric tube at doses of 20 mg/kg/day for Sitg (Abo-Haded et al., 2017) and 500 mg/kg/day for APAP (Sayed and El-Kordy, 2014) .The assay kits used for biochemical measurements of liver function and oxidative stress biomarkers were purchased from Biodiagnostic Company (Dokki, Giza, Egypt). The other used chemicals were of highest grade commercially available.
Animals:
Forty male adult albino rats, weighing 180-200-gram at the start of the experiment, were used in this study. They were obtained from Helwan Farm (Holding Company for Biological Products and Vaccines, VACSERA, Egypt). The animals were housed in individual properly ventilated cages (ten rats per cage), in the animal facility for 1 week before the start of the experiment for acclimatization. They were housed in standard conditions of temperature (25 ± 2°C), humidity (50 ± 5%) and 12-hour dark/light cycles and given standard laboratory animal diet with tap water ad libitum. All experimental procedures adhered strictly to institutional and international ethical guidelines of the care and use of laboratory animals and have been approved by the ethical committee, Faculty of medicine, Benha University, Egypt.
Experimental design
Rats were randomly divided into four equal groups (each contained 10 rats) as follows:
Group-I (C-GP): control group that received distilled water only.
Group-II (Sitg-GP): received Sitagliptin (Sitg) at 20 mg/kg/day.
Group-III (APAP-GP): received acetaminophen (APAP) at 500 mg/kg/day.
Group-IV (Sitg+APAP-GP): pretreated with Sitg 20 mg/kg/day followed 2-hour later byAPAP 500 mg/kg/day.
Before each administration, both drugs were crushed and prepared freshly by dissolving in distilled water to obtain the necessary drug concentration in 1 ml solution. All Animals were fasted for 4 hours, weighed before gavage, and received their corresponding substance dosage once daily for 15 consecutive days. The doses were calculated according to animals' daily weights.
Blood and liver sampling
One day after the last dose, the animals were fasted, weighed, anesthetized by inhalation of diethyl ether, and then subjected to thoraco-abdominal incision to collect blood and liver samples for biochemical assays of liver enzymes activities and histopathological examination, respectively. Finally, animals were sacrificed by cervical dislocation.
Blood samples were collected from the descending aorta by needle aspiration into clean, dry centrifuge tubes, allowed to clot inside incubator at 37˚C for 15 minutes, and centrifuged at 3000 revolutions per minute (rpm) for 15 minutes to obtain the sera. The clear non-haemolysed supernatant sera were quickly transferred into Eppendorf tubes and immediately preserved in freezer at -20°C till been assayed for activities of liver marker enzymes.
Each liver was dissected, removed, rinsed with normal physiological saline solution (0.9% NaCl) to remove blood and adhering debris, trimmed of all fat, dried on a filter paper, and weighted. Absolute and relative weights of livers were recorded [relative weight = (liver weight/body weight) x 100)].
Prior to dissection, liver was perfused through the heart or the ascending aorta with 50 mmol/L sodium phosphate buffer saline (100 mmol/L Na 2 HPO 4 /NaH 2 PO 4 ; pH 7.4) and 0.1 mmol/L ethylenediaminetetraacetic acid to remove any red blood cells and clots.Then small part from each liver was homogenized (1:10% w/v; gram tissue/10 ml buffer solution) in ice-cold phosphate-buffered saline solution (137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 2 mmol/L KH 2 PO 4 , pH 7.4) using teflon homogenizer (Glas-Col, Terre Haute, USA). The tissue homogenates were centrifuged at 10,000 rpm for 20 minutes at 4 o C and the resultant supernatants were transferred into Eppendorf tubes and kept at -20 o C in a deep freezer until used for the determination of some oxidative/antioxidant parameters of liver tissue.
Other small pieces from each liver were kept in 10% neutral formalin solution for histopathological study.
Measurement of liver function biomarkers
The extracted sera were used for spectrophotometric measurement of aspartate transaminase (AST) and alanine transaminase (ALT) (Reitman and Frankel, 1957) , alkaline phosphatase (ALP) (Belfield and Goldberg, 1971) , gamma-glutamyltransferase (GGT) (Szasz, 1969) , lactate dehydrogenase (LDH) (Buhl and Jackson, 1978) , total bilirubin (TB) and direct bilirubin (DB) (Walters and Gerarde, 1970) , total protein (TP) (Gornall et al., 1949) , and albumin (ALB) (Doumas et al., 1971) . Also, the values of indirect bilirubin (IB, calculated by subtracting DB from TB) and globulin (GLB, calculated by subtracting ALB from TP) were calculated. All previously mentioned biomarkers were measured according to the details given in Biodiagnostic kit's instructions (Biodiagnostic Company, Dokki, Giza, Egypt).
Assessment of oxidative stress biomarkers in liver tissue
Aliquots of the supernatants were used for colorimetri cestimation of enzymatic antioxidants such as superoxide dismutase (SOD) (Nishikimi et al., 1972) , catalase (CAT) (Aebi, 1984) , glutathione peroxidase (GPx) (Paglia and Valentine, 1967) , glutathione-Stransferase (GST) (Habig et al., 1974) , nonenzymatic antioxidant like reduced glutathione (GSH) (Beutler et al., 1963) , and thiobarbituric acid reactive substances (TBARS) marker for lipid peroxidation (LPO) end product malondialdehyde (MDA) (Satoh, 1978) along with total redox status profiles like total oxidative status (TOS) (Erel, 2005) , total antioxidant capacity (TAC) (Erel, 2004) , and oxidative stress index (OSI) (an indicator of the degree of oxidative stress).The OSI value for the hepatic samples was calculated as OSI (Arbitrary unit) = TOS (mmol H 2 O 2 equivalent/g protein)/TAC (mmol Trolox equivalent/g protein). The assayed method for each concerned parameter was performed according to the principals given in the kit's instructions.
Histopathological preparations and analysis
The liver specimens from all rats of all groups were fixed in 10% formol saline, subsequently dehydrated in ascending grades of alcohol, cleaned by xylene, and embedded in paraffin wax, then sectioned at 4 µm thicknesses by a microtome. The obtained tissue sections were collected on glass slides (two slides per rat with each slide contained two non-serial tissue sections), deparaffinized, and stained with Hematoxylin and Eosin (Hx & E; hepatocytes appeared with blue nuclei and red or pink cytoplasm) (Gamble and Wilson, 2002 ), Masson's Trichrome (MT; the connective tissue appeared blue) (Jones, 2002) , and Periodic Acid-Schiff Reaction (PAS; the muco-polysaccharide material appeared purplemagenta) (Totty, 2002) . Mounted slides were examined and photographed using Leica DM500 binocular light microscope with an attached ICC50 HD color digital camera (Leica Microsystems Ltd, Heerbrugg, Switzerlan) at Department of Pathology, Benha Faculty of Medicine.
A total of 40 field areas per each animal were randomly chosen from Hx&E, MT, PAS stained sections and examined microscopically for histopathological changes, the extent of fibrosis, and the intensity of glycogen staining, respectively, at 200x magnification by an expert pathologist in a blind fashion. Among the three stained sections, the type and severity of hepatic lesions were semi-quantitatively scored.
Among the experimental groups, the number and percentage of animals with normal as well as abnormal histopathological findings were recorded. The severity of lesions per each rat was evaluated using a semi-quantitative scale as previously described by Tokyol et al. (2006) .
All sections were evaluated for type of hepatic damage such as hepatocyte necrosis, hemorrhage, intracellular vacuolization, vascular congestion, sinusoidal dilatation, and inflammatory infiltration in 10 different fields per each section. The hepatic damage was semi-quantitatively graded as 0=absent, 1=mild, 2=moderate, and 3=severe for each criterion with a maximum score of 18 (Batcioglu et al., 2009) . Histological grading of hepatic fibrosis was determined using the semiquantitative method mentioned by He et al. (2004) .The intensity grading of PAS stain was determined according to the method of Çeriğ et al. (2016) .
Statistical analysis
The collected data were scored, tabulated, and analyzed using Statistical Package for the Social Sciences version 16 software (SPSS, Chicago, IL). Quantitative data were expressed as mean and standard error of the mean (mean ± SEM). Chi-square test (X 2 ) and one-way analysis of variance (ANOVA) were used as tests of significance. Significant ANOVA was followed by post-hoc Tukey HSD (Honest Significant Difference) test for multiple comparisons to detect significant pairs and values of P<0.05 were considered statistically significantly different.
Results
No deaths were recorded among the studied groups after 15 days of post-oral treatment.
Generally, statistically non-significant differences were found between Sitg-GP and C-GP regarding to all examined parameters. Similarly, the present data showed non-significant differences between Sitg + APAP-GP and both Sitg-GP and C-GP concerning to almost all investigated variables. Thus, non-significant results between these groups were excluded to simplify data comparison and interpretation.
Table (1) shows the effects of Sitg pretreatment on APAP-induced changes in body weights and liver weights along with liver/body weight ratio. The mean values of absolute and relative liver weights of APAP-GP exhibited significant increases as compared to Sitg-GP and C-GP groups. However, the mean values of both liver weights in Sitg + APAP -GP displayed significant decreases as compared to the APAP-GP values. Tables (2-4) represent the effects of Sitg pretreatment on APAP-induced alterations in liver biomarker parameters. As illustrates in Table ( 2), there were significant increases in all investigated serum liver enzyme biomarkers "AST, ALT, ALP, GGT, and LDH" of APAP-GPwhen compared with Sitg-GP and C-GP. However, the mean levels of these enzymatic parameters were found to be significantly lower in Sitg+APAP-GP when compared with their corresponding figures in APAP-GP.
Table (2):
One-way analysis of variance (ANOVA) statistical differences among the experimental groups concerning to the serum levels of AST, ALT, ALP, GGT, and LDH. As delineates in table (3), the mean levels of serum TB, DB, and calculated IB displayed significant increases in APAP-GP as compared to Sitg-GP and C-GP. On the other hand, the mean levels of these bilirubin parameters were noticed to be significantly lower in Sitg+APAP-GP when compared with their corresponding values in APAP-GP. As exhibits in table (4), statistical data analyses of the mean serum levels of TP, ALB, and GLB was significantly decreased in APAP-GP when compared with those values in Sitg-GP and C-GP.Otherwise, the mean values of these protein variables were reported to be significantly higher in Sitg+APAP-GP when compared with their corresponding figures in APAP-GP. Tables (5 and 6 ), represent the effects of Sitg pretreatment on APAP-induced tissue oxidative stress with disturbances in oxidantantioxidant and total redox status biomarkers profiles.
As appears in table (5), there were significant decreases in the mean tissue concentrations of all antioxidant variables (SOD, CAT, GPx, GST, and GSH) coupled with significant increases in oxidative MDA levels in APAP-GP when compared with their corresponding values of Sitg-GP and C-GP. On the other side, the mean hepatic levels of all antioxidant parameters were reported to be significantly higher, while MDA values were significantly lower in Sitg+APAP-GP compared to the APAP-GP figures. In contrast, the mean values of all antioxidants and MDA were significantly lower and higher, respectively, in Sitg+APAP-GP compared to the Sitg-GP values. As shown in table (6), the mean tissue levels of TOS and OSI were significantly higher, whilst the mean level of TAC was significantly lower in APAP-GP when compared with their corresponding values of Sitg-GP and C-GP.On the other side, the mean values of TOS and OSI were noted to be significantly decreased, while the mean value of TAC was significantly increased in Sitg+APAP-GP compared to the APAP-GP. In contrast, the mean concentration of TAC was significantly higher in Sitg-GP than Sitg+APAP-GP. Tables (7 and 8) present the effects of Sitg pretreatment on APAP-induced histopathological alterations as evaluated by semi-quantitative scoring of severity of lesions, type of hepatic damage, extent of collagen fibrils, and glycogen content.
As exhibit in table (7), the prevalence of hepatic lesions was markedly increased in APAP-GP with moderate to extensive intensity of hepatocellular injury as compared to other groups. However, in Sitg+APAP-GP, the severity of hepatic lesions were substantially lower than those recorded in APAP-GP and exhibited mild to moderate intensity of hepatocellular injury. In contrast, the prevalence and severity of hepatic lesions in Sitg+APAP-GP were still slightly higher than those of C-GP and Sitg-GP.
Table (7):
The number and percentage of normal and affected animals among the experimental groups according to semi-quantitative evaluation of the severity of hepatic lesions.
Groups Severity of lesions C-GP n (%)
Sitg-GP n (%)
APAP-GP n (%)
Sitg+APAP-GP n (%) X 2 score C=Control; Sitg=Sitagliptin; APAP=Acetaminophen; @=<10% of fields affected; #=>10%-<25% of fields affected; $=>25%-<50% of fields affected; &=>50%-<75% of fields affected; Ψ=>75% of fields affected; P=Probability; *=Significant difference.
Pvalue
As demonstrate in table (8), the mean semi-quantitative scores for type of hepatic damage and collagen fibrils extension were significantly higher, whilst glycogen content were significantly lower in APAP-GP when compared with their corresponding grades in the Sitg-GP and C-GP. Nonetheless, in Sitg+APAP-GP, the mean scores for type of hepatic damage and collagen fibrils extension were significantly reduced, while the mean grade of glycogen content was significantly raised when matched with their corresponding grades in the APAP-GP. In contrast, the mean grade for type of hepatic damage in Sitg+APAP-GP delineated slight significant increment when compared with Sitg-GP and C-GP. Whereas, investigation of Hx&E stained liver sections processed from Sitg+APAP-GP (Figure 6 ) exhibited less severe hepatic tissue injury and lower incidence of the previously mentioned histomorphological lesions when compared to APAP-GP. Figures (11-14) illustrate the effects of Sitg pretreatment on APAP-induced changes in glycogen contents of hepatocytes as examined by periodic acid-Schiff stain (PAS).
Light microscopic examination of periodic acid-Schiff (PAS) stained liver sections obtained from C-GP (Figure 11 ) and Sitg-GP (Figure 12 ) showed a strong PASpositive reaction for glycogen granules in the cytoplasm of hepatocytes around the central vein and other areas of the liver lobule.
However, examination of PAS stained liver sections prepared from APAP-GP ( Figure  13 ) revealed a weak PAS-positive reaction for glycogen content in the cytoplasm of hepatocytes principally in the centrilobular areas and/or midzonal region of the hepatic acinus, which indicating reduction of glycogen content of hepatocytes.
Whereas, investigation of PAS stained liver sections processed from Sitg+APAP-GP (Figure 14) exhibited a moderate to strong PAS-positive reaction for glycogen content in the cytoplasm of hepatocytes in central and portal regions of the liver acinus, which were nearly similar to those in the C-GP, indicating higher glycogen content of hepatocytes than those of APAP-GP. The current results of APAP-induced changes in liver weights are in harmony with the results of other researchers who have documented a significant increase in the average liver weight to body weight ratio of APAPtreated rats (Adil et al., 2016) . Excessive hepatocellular proliferation, hypertrophy, and different pathological changes may contribute to APAP-induced hepatomegaly.
The current findings of APAP-treated rats depicted remarkable liver injury as demonstrated by significant changes in all estimated liver biomarkers. These alterations in liver biomarkers are reinforced by the outcomes of numerous other authors who stated that APAP-induced hepatocellular damage in experimental rodents is marked by increased serum or plasma activities of AST, ALT, ALP, GGT, and LDH (Iroanya et al., 2014) besides elevated blood levels of TB, DB, and IB, whereas the blood values of TP, ALB, and GLB were considerably reduced (Imo et al., 2015) .
These cytosolic enzymes are indicators of hepatic necrosis and elevations in AST, ALT, and LDH levels in the circulation suggests a leakage in plasma membrane secondary to loss of hepatocellular function and integrity. Also, any alterations in biliary system and/or hepatocytes functions can enhance ALP and GGT synthesis and discharge into blood (Iroanya et al., 2014; Adil et al., 2016) . Impairment of liver parenchymal cell function and/or bile canaliculi obstruction by cellular swelling or inflammation can result in defective bile transport and flow with subsequent development of hyperbilirubinemia (Adil et al., 2016) .
The decreases in serum proteins may be attributed to a decline in the number of hepatocytes responsible for protein synthesis or endoplasmic reticulum damage with loss of CYP P450 function as a result of APAPinducedcellular destruction (Iroanya et al., 2014; Sayed and El-Kordy, 2014) .
Data of the present study exhibited that administration of APAP resulted in oxidative stress phenomenon due to extensive disturbances in oxidant/antioxidant equilibrium and total redox status. These findings are in accordance with preceding report, which has suggested that oxidative cellular injury and profound LPO are hallmarks of APAP hepatotoxicity as signified by marked depression of hepatic enzymatic (SOD, CAT, GPx, and GST) and non-enzymatic (GSH) antioxidants activities alongside with pronounced elevation of oxidative MDA levels (Iroanya et al., 2014 ).
The present changes in hepatic total redox status are strengthened by the results of other experimental study which has shown that treatment with APAP causes significant decrease in hepatic TAC levels accompanied with considerable increases in tissue TOS concentrations and OSI expressions (Verma et al., 2016) .
The pathogenesis of APAP-induced oxidant stress involves overproduction of free radical derivatives from damaged mitochondria that overwhelm and impair cellular antioxidant capacities to cope with exogenous oxidants injury (Bessems and Vermeulen, 2001 ).
The present findings of APAP-mediated drastic changes in histomorphological structure of the liver are in line with the results of many other investigators who have semi-quantitatively demonstrated marked histological lesions of hepatic tissue such as portal inflammation, necrosis, vacuolar degeneration, sinusoidal dilatation, and vascular congestion after administration of APAP to adult albino rats (Verma et al., 2016; Elbe et al., 2018) .
The mechanisms of APAP-induced hepatic damage occur via a complex array of events. Excessive metabolism of APAP leads to overproduction of the toxic metabolite NAPQI, which in turn depletes glutathione contents and covalently reacts with cellular macromolecules components such as proteins, lipids, and DNA, causing formation of protein adducts and LPO. Adduct formation interrupts protein structure and/or function, resulting in destruction of membrane organelles, metabolic pathways, and/or cytological vital processes. Increased hepatocellular formation of reactive oxygen species (ROS) and reactive nitrogen species will lead to oxidative damage of hepatocytes. Increased oxidative stress is coupled with disruptions in calcium homeostasis and stimulation of signal transduction responses that can induce mitochondrial toxicity with consequent depletion of ATP synthesis (Bessems and Vermeulen, 2001; Hinson et al., 2010) .
Associated with these essential events there is a second phase of injury mediated by complex inflammatory response processes, which triggered by release of certain products from necrotic cells. In response to these changes various non-parenchymal cells, especially Kupffer cells (resident hepatic macrophages), secrete a number of certain cytokines and chemokines, that activate and recruit a variety of inflammatory cells into the liver, which have the capacity to cause additional tissue injury through further generation of ROS (Bessems and Vermeulen, 2001 ).
The existing work showed that APAPmediated marked enhancement of collagen fibrous deposition. Similarly, other researchers have reported an increase in collagen tissue accumulation in liver induced by APAPin experimental animals (Sayed and El-Kordy, 2014; Henrique da Silva et al., 2015; Bai et al., 2017) . Several authors imply that APAP and NAPQI can stimulate activation and trans-differentiation of hepatic stellate cells to myofibroblast-like cells with consequent extensive deposition of α-smooth muscle actin (α-SMA) and types I and IIIcollagens in the liver (Bai et al., 2017) .
The current work revealed that APAPmediated extensive depletion of hepatocyte glycogen contents. Analogously, several experimental studies concerned with APAP toxicity have documented depletion of hepatocyte glycogen contents (Henrique da Silva et al., 2015; Elbe et al., 2018) . The experimental in vitro results of Itinose et al. (1989) have shown that APAP has profound negative influences on metabolism of isolated perfused rat liver. The drug or its reactive metabolite can inhibit the processes of mitochondrial energy metabolism, gluconeogenesis, carbohydrate metabolism, glycogen synthesis, and nutrients absorption by the hepatocytes.
The contemporary results of all investigated parameters were comparable between Sitg-treated and untreated control animals, indicating that Sitg at the tested dose is well tolerated and has no hepatotoxic effects. Similarly, several results indicate that Sitg is effective and safe drug when administered to experimental animals and it has not been associated with any significant changes in liver function or morphology (Alam et al., 2015; Onoyama et al., 2015; Abo-Haded et al., 2017) .
This study showed that pretreatment with Sitg significantly prevented the changes in liver weights of APAP-treated animals, which is in line with else experimental study illustrating that Sitg has significantly reduced hepatomegalyinduced by dexamethasone (Mathai et al., 2015) . It has been speculated that Sitg can reverse these deleterious effects of APAP on liver weights through inhibition of the inflammatory-apoptotic degenerative process (Abo-Haded et al., 2017 ).
In the current study, prior oral administration of Sitg exhibited significant hepatoprotective activities against APAP toxicity as manifested by pronounced prevention of APAP-induced abnormalities in liver biomarkers, oxidant-antioxidant indices, and total redox potential profiles. Similarly, Sitg has shown hepatoprotective activity against anticancer drug methotrexate-and carbon tetrachloride-induced hepatotoxicity (AboHaded et al., 2017; Sokar et al., 2017) as well as experimentally induced non-alcoholic steatohepatitis (Jung et al., 2014; Onoyama et al., 2015) , hepatic steatosis (Mathai et al., 2015) , and diabetic liver injury (Hassan et al., 2012; Huang et al., 2017) . Additionally, other experimental studies have elucidated drastic improvement of abnormal liver markers towards respective normal values after administration of Sitg to animal models (AboHaded et al., 2017; Huang et al., 2017; Sokar et al., 2017) .
The current work revealed that pretreatment with Sitg greatly counteracted APAP-induced oxidative stress in liver tissue. Correspondingly, many previous studies have displayed that Sitg has beneficial effects in prevention of oxidative stress associated with different conditions of disease-or toxicinduced liver injury as evidenced by significant increases in blood or tissue levels of some enzymatic and non-enzymatic antioxidant contents together with decreases in the levels of MDA marker of free radicalsinduced LPO (Alam et al., 2015; Abo-Haded et al., 2017; Huang et al., 2017; Sokar et al., 2017) . Moreover, many manuscripts have shown that Sitg causes improvement of cellular total redox potential profiles of hepato-renal tissues in experimentally induced hepatotoxicity and renal ischemia reperfusion injury as manifested by elevations of TAC concentrations and depressions of TOS levels and OSI expressions (Nuransoy et al., 2015; Abo-Haded et al., 2017) .
The current study showed that prior oral administration of Sitg exerted significant protective effects against APAP-induced abnormalities in liver structure, collagen fibers deposition, and hepatocyte glycogen contents. These findings are in agreement with prior studies demonstrating that administration of Sitg markedly ameliorated hepatic pathological lesions in experimental models of xenobiotic-mediated hepatotoxicity such as methotrexate and carbon tetrachloride (Abo-Haded et al., 2017; Sokar et al., 2017) , non-alcoholic steatohepatitis (Jung et al., 2014; Onoyama et al., 2015) , and type 2 diabetes mellitus (Hassan et al., 2012; Huang et al., 2017) . Furthermore, several experimental studies have elucidated that treatment with Sitg markedly alleviates deposition of collagen fibrous in the liver (Jung et al., 2014; Onoyama et al., 2015; Sokar et al., 2017) and largely prevents reduction in hepatocyte glycogen storage (Hassan et al., 2012) .
Multiple and complex pathophysiological mechanisms have been proposed for the hepatoprotective role of Sitg. Evidences from a variety of experimental model studies points out that the DPP-inhibitor Sitg plays an important role in the alleviation of different complications of organs toxicities through modulation of oxidative-inflammatory-apoptotic signaling pathways, which contributing to its protective effects (Nuransoy et al., 2015; Abo-Haded et al., 2017) .
Several results suggest that Sitg can protect the liver from different harmful effects by acting as anti-oxidative stress agent with subsequent relieving of oxidative stress and endoplasmic reticulum stress. Pretreatment with Sitg stimulates up-regulation of protein transcription and expression of antioxidant proteins, resulting in induction of antioxidant enzymes formation such as SOD, CAT, and GPx that can protect hepatic tissue against oxidative damage (Jung et al., 2014; Abo-Haded et al., 2017) .
Furthermore, Sitg can ameliorate the progression of hepatotoxicity via downregulation of the transcription of many cytotoxic pro-inflammatory genes like cytokine and chemokine. This anti-inflammatory activity of Sitg is supported by down-regulation in the hepatocellular mRNA expressions of many inflammatory markers. Also, Sitg can prevent production of the potent cytotoxic oxidant peroxynitrite (Onoyama et al., 2015; AboHaded et al., 2017) . Moreover, Sitg can significantly decreases DNA fragmentation and apoptosis (Jung et al., 2014; Onoyama et al., 2015; Abo-Haded et al., 2017) .
The anti-fibrotic effect of Sitg is mediated mainly via inhibition of HSCs activation signaling pathways that led to the suppression of collagen synthesis. Also, Sitg can reduce 4-hydroxyproline levels (a major component of the protein collagen formation) and decrease accumulation of fibronectin in the liver (Jung et al., 2014; Onoyama et al., 2015; Sokar et al., 2017) .
Taking together, the anti-oxidative stress, anti-inflammatory, anti-apoptotic, and anti-fibrotic actions of Sitg can preserve hepatocellular glycogen contents through protection of the normal architecture and blood flow into the liver therefore, promotes the nutrients to be absorbed by the hepatocytes and enhances glycogen synthesis (Jung et al., 2014; Sokar et al., 2017) .
Conclusion
Results of the present study elucidate several toxicological consequences in experimental rats as a result of exposure to APAP. These findings include gain in absolute and relative weights of liver, prominent changes in the serum levels of all investigated liver biomarker enzymes, oxidative stress phenomenon with considerable disturbance in hepatic oxidants/antioxidants balance and altered total redox status. These abnormalities in serum biochemical and tissue oxidative stress parameters are supported by significant distortions in hepatic histological architecture, enhancement of extracellular collagen fibrils deposition, and reduction in hepatocyte glycogen contents. However, prior oral administration of Sitg exerts hepatoprotective effects against APAP-induced hepatotoxicity as evidenced by marked prevention of all APAP-induced abnormalities in biochemical indices and histopathological structure. 
